Abstract. A conclusion has not yet been reached on how exactly the human visual system detects curvature. This paper demonstrates how orientation-selective simple cells can be used to construct curvature-detecting neural units. Through fixed arrangements, multiple plurality cells were constructed to simulate curvature cells with a proportional output to their curvature. In addition, this paper offers a solution to the problem of narrow detection range under fixed resolution by selecting an output value under multiple resolution. Curvature cells can be treated as concrete models of an end-stopped mechanism, and they can be used to further understand "curvature-selective" characteristics and to explain basic psychophysical findings and perceptual phenomena in current studies.
Introduction
Researchers have long grappled with the question of what kind of cognition mechanism is employed by the human visual system. In an early study, Hubel and Wiesel proposed the use of ultra-sophisticated cells to measure curvature in the visual system. However, this proposal lacked verification through physiological experimentation until Dobbins [1] suggested an end-stopped mechanism [2] . The time gap between Hubel and Wiesel and Dobbins can be explained by at least two reasons. First, it was extremely difficult to search for hyper-complex cells in psychology [3] , which were only recently proven by the end-stopped cells [4, 5] . Second, although the end-stopped cells exhibited a clear reaction to the stimulation of bending, it was more suitable to produce a reaction to the length of segment for end-stopped cells (from an "optimal stimulus" perspective). Based on the latter suggestion, many scholars conducted in-depth studies [4, 6] . Considering there were far more curves than bars in natural images, and if endstopped cells were capable of measuring curvature, it was unsurprising that end-stopped cells would be almost as common as end-free cells in V1 [4, 7, 8] . Another two candidates to potentially solve this problem might be (1) an orientation-selective simple cell [9, 10] , and (2) multiplicative combinations of orientation-selective simple cells [11, 12] . This might result in the view that a contour curvature is signaled via the population response of curvature-sensitive neurons tuned to different curvatures for curvature processing [13] . This perspective rests on the assumption that single cells cannot detect exact curvatures. Most research up to this point has supported and reaffirmed this assumption. This paper, however, seeks to show how single cells can, indeed, detect exact curvatures. 
Differential cell
In their early research, Hubel and Wiesel [14] separated cells into simple cells, complex cells and hyper-complex cells, according to the level of cells in the V1 zone. It is widely accepted that Gabor filters [15] , DOG filters [16] , Gaussian filters [17] , and edge cell [18] research paved the way for the simple cell model. This paper uses the edge cell in a simple cell model that is able to interpret the relationship between the lateral geniculate nucleus (LGN) with the least parameters. The model in Fig. 1 is called "edge cell". It is adapted from Marr and Hildreth's model by removing the "logical and gates" parameter. Compared to the traditional models (such as Gabor filter, DOG filter, and Marr & Hildreth), our "edge cell" model placed no restrictions on the size of the simple cell's receptive field, especially the major axis. The experiment results presented in this paper show that both the size and the separation of geniculate cell's receptive field were crucial in extracting the features of the contour line. Therefore, it was necessary to establish a base parameter σ based on the size of the simple cell's receptive field [19] . The response function of the edge cells was defined as follows:
Here ∇ 2 G(X) indicates the laplacian-gaussian value in the X-axis location. In Fig. 2 , if the edge cell (base) was located on the linear edge, and the optimal orientation of the cells coincided with the edge's orientation, the edge cell would output a maximum reaction value [20] . At the same time, if there was another edge cell (shift) located at regular intervals in the extended line of the edge orientation, and if the response value of the edge cell (base) was less than that of the edge cell (shift), the result would be near zero. If the edge cell (base) was on the curve edge and its center position was verging on the point of contact, the reaction value would be close to the highest value possible. Meanwhile, compared with the reaction value on the linear edge position, the value of the edge cell (shift) would decrease in the extended line of the edge. In that case, the difference in reaction value between the edge cell (base) and the edge cell (shift) would be a positive number. Moreover, this positive number would vary with any change in curvature. The edge cell's two receptive fields on the radian edge that was altered. The receptive field is represented with a rectangle profile. The reaction value of cell E was less influenced by the degree of edge bending, whereas the reaction value of cell I shows a tendency of decrease with an increase in curvature. In Fig. 2 , when the simple cell's receptive fields E and I ("E" for excitatory and "I" for inhibitory) are located near the curve tangent line, the cell accepted the difference in reaction value between E and I and could therefore be defined as "differential cell" (Fig. 2) . The reaction value of "differential cell" (RD) was defined as:
In this formula, REbase represents the the reaction value of the edge cell (base), and REshift represents the reaction value of the edge cell (shift). The differential cell's receptive field is shown in Fig. 3 .
Using the curvature cell to implement curvature detection
In the present study's definition of "differential cell", the reaction value was determined by subtracting the value of the edge cell (base) and of the edge cell (shift). This is essentially the same as assuming the existence of a kind of cell that contains both excitatory and inhibitory zones in its receptive field. For example, if the two zones are stimulated simultaneously (for instance, with linear stimulus), the resulting reaction value of differential cell is 0. This is similar to the end-stopped cell's reaction. The structure in Fig. 3 was called "right-differential cell" (or RDC). If the edge cell (shift) switched positions to the left side of the edge cell (base), it would form another type of differential cell: "left-differential cell" (or LDC). Furthermore, the cell that stimulated by RDC and LDC was named the "curvature cell" (Fig. 4a) . The curvature cell could be treated as a specific model of end-stopped cell, where the two ends of the cell were inhibitory in the V1 zone.
To verify the reaction characteristics of bending of both RDC and LDC, RDC's and LDC's reaction values with shifts in radius at a contact position (arc point) were recorded. The curve resulting from their average reaction values was then compared against the corresponding curvature. Figure 4b illustrates the results. When the radius increased, the reaction values' curve showed a sharp rise followed by a slow decrease. As Dobbins noted in his earlier work, the curve presented a peak value reaction to regions with smaller radius. Although it was possible to distinguish between the curve and the straight line depending on where the reaction's peak value appeared, the peak value did not allow for accurate measurements of the curvature.
Interestingly, we found that if the reaction value was multiplied by any given number, the reaction value curves and the curvature showed an overlap on a radius of 16-22 pixel drop interval. In certain of these overlap intervals, the decreasing section of the reaction value's curve was proportional to the change in curvature.
Detection of broad range of curvatures
Even though there was an overlap between the two curves (the differential cell's reaction value and the curvature), two important questions remained: (1) What range of curvature cell could be used for reliable curvature detection? and (2) How to adapt this to a wide range of curvature and response values? In Fig. 4b , after integrating the reaction value curves and the curvature, it is shown that the overlaps happened within a certain range, and so a corresponding relationship between them could also be established. Meanwhile, Fig. 4b also shows that the overlap intervals were relatively narrow, and could only correspond to the arc on a radius of 16-22 pixel. This kind of overlap interval is unable to meet the needs or simulate a visual system bending cognitively in nature. To solve this problem, we introduced a spatial parameter σ, determined on the basis of Wilson et al.'s experiments. For the vision system, Wilson & Bergen proposed a model composed of four different frequencies, and used two Gauss functions (DOG) to describe the excitatory center profile of each frequency. In this model, there are six spatialfrequency-tuned channels, and their peak sensitivities occur at 0.75, 1.5, 2.8, 4.4, 8 and 16 cycle/deg respectively [21, 22] . According to this theory, we can determine the parameter σ by calculating [23] . In the present research, we defined 6 dimensional curvature cell receptive fields (based on Wilson et al.'s notions). These were named CV1, CV2, CV3, CV4, CV5, and CV6; CV1 having the smallest receptive field dimension among them.
If we could coordinate a variety of curvature cells' receptive fields to work together and make a selection of their outputs, we could become aware of a broad range of bending [24, 25] . The spatial parameter used here was the empirical value σ1: σ2: σ3: σ4 = 1: 2: 4: 5.7. Figure 5c shows the reactive value curves of four distinct sizes of curvature cells (CV1, CV2, CV3, and CV4), where the corresponding reactive values normalized respectively according to the attenuation ratio of 1: 2: 4: 5.7. The realization of this attenuation relied on the following two considerations:
(1) The receptive field's size determined the attenuation amplitude of the curvature cell's reactive value. (2) After the proportion of the attenuation, the maximum value for each dimension was chosen as the basis for curvature detection. The results shown in Fig. 5c demonstrate that different resolutions correlated to the change in curvature in different radius intervals. A wider range of curvature was covered by putting CV1, CV2, CV3, and CV4 together. Different ranges of curvature measurements in the visual system were distributed to the corresponding resolution to be processed. The levels of resolution 5 and 6 are not shown in the figure because the corresponding bending radius was too large, and we concluded that the vision system would use alternative methods to identify it.
This kind of algorithm still needs to be combined with a contour detection algorithm to fully be able to determine curvature detection. In this paper, a chain algorithm and an edge-cell model are adopted and combined [18] . Figure 6b illustrates the contour detection results of the spiral diagram shown in Fig. 6a . The contour line in Fig. 6b was composed of end-to-end edge segments, with the length of each segment being 4 σ. The differential cells' response value for each distinct position is expressed as the gray level change shown in Fig. 6c segments were expressed in histogram form. Figure 6d illustrates the detection results of resolution CV3, where the results ranging from number 13 to 25 were almost equal to the actual curvature. This indicates that our method was able to determine the correct curvature detection in the range of a differential cell of the size used. Resolution CV3 corresponded to the radius of the range 145 pixels ∼ 260 pixels; the average error of the detection results was 3.2 pixels. The remainder had to be detected with differential cells of other sizes/dimensions. Meanwhile, the length of the edge segments also shifted with changes in resolution.
Discussion
To evaluate the validity and usefulness of any vision system theory it must determined whether it has the capacity to accurately explain visual phenomena (for instance, geometrical illusions). The curvature cell proposed in this study could be treated as a projection of eighteen LGN cells (Fig. 4a) . When unexpected additional stimuli are added to the receptive field of curvature cells, the cells' reactive values are impacted, leading to irregular changes and the production of phenomena such as geometrical illusions. In the case study shown in Fig. 7a , the results of a psychology experiment on geometrical illusions illustrated that the black circle on the right looked slightly bigger than the one on the left. The following logic can be drawn from this phenomenon: the visual system selectively chooses curvature cells with appropriate resolutions (e.g., CV3), determined by the size of the target black circle to be recognized. In Fig. 7a with the left black circle the black stimuli appeared on the outermost side of curvature cell's receptive field. In Fig. 7b , the outermost part of the curvature cell was P and P' or Q and Q', and the width of the white ring was 400 pixels. Affected by this, the reactive value of the curvature cell decreased in comparison to the lack of stimulation on the right periphery (confirmed in Fig. 7c ). In Fig. 7c , the deep Fig. 3a for a case where the radius of the inner circle is 900 pixels (fixed) and the radius of the outer circle is not fixed. The deep black curve represents the outputs of the maximum response selector.
black line represents the reactive value of CV3 and CV4 after ratio attenuation. The horizontal dashed line stands for the reaction value of CV3's right black circle. It was easily observed that the curvature cell showed a significant reaction to the left side of the figure when the width of the white ring was less than 309 pixels. When the width of the white ring was in the range of 309-479 pixels, the reactive value was lower than on the right side and it clearly showed the over-estimation. With continual decrease of the white ring's radius, the geometrical illusions gradually disappeared. According to this model's calculations, the greatest degree of over-estimation was 16%. The Delboeuf concentric-circle illusion demonstrated a similar over-estimation of the size of the inner circle; it was concluded that the Delboeuf illusion might have been caused by the same mechanism.
Many scholars have proposed a variety of neuronal mechanisms for curvature detection. Among earlier research, Dobbins et al. proposed the most promising mechanism: an end-stopping mechanism [1, 26, 27] , well-known for being curvature-selective. However, due to ambiguities in responses obtained using Dobbins et al.'s method, this paper proposes that it is more accurate to distinguish the curvature and length of line segments in comparison to curvature detectors [10] [11] [12] 28] . In general, cells in V1 had response ambiguities due to the simplicity and small size of their receptive fields; consequently, the subsequent results could only reflect partial features of contours. These ambiguities in information obtained needed to be transmitted and processed by more complex and/or larger receptive fields. Dobbins In other research, Wilson et al. suggested that the visual system contains a multi-resolution mechanism [21, 22] ; subsequently, Marr and Hildreth proposed an edge-detection model [19] based on Wilson's theory. These studies were carried out without considering the multiple scales for straight edges [29] . The questions arose, then, of (1) what kinds of stimuli were suitable for these multiple scales and, (2) how to define the proper scales? In this paper we have showed that four size-specific curvature cells (CV1, CV2, CV3, and CV4) and another two size-specific cells (CV5 and CV6) were required to detect a wider range of curvatures than previously detected (in calculating the size of the cells, Wilson's empirical data played an essential role). Our model demonstrates how the scale of the cell varies with, and is impacted by, the scale of the stimulus. Both the psychophysical and physiological experiments indicated that the human visual system contained two selective mechanisms for curvature, one for high and the other for low curvatures [30] . The mechanisms of CV1, CV2, CV3, and CV4 corresponded to the former (high curvatures), and the mechanisms of CV5 and CV6 corresponded to the latter (low curvatures).
Conclusion
This paper proposes a model that can be used to calculate the response value of differential cells under different curvatures by using images of objects in various resolutions. This model also establishes a differential cell operator, thereby proposing a curvature-based computer system. Use of this mechanism can solve many real-life visual phenomena and correct inaccurate assumptions, such as with the Delboeuf findings.
